is study presents the time-dependent analyses of transmutations of long-lived fission products (LLFPs) and medium-lived fission products (MLFPs) occurring in thermal reactors in a conceptual helium gas-cooled accelerator-driven system (ADS). In accordance with this purpose, the CANDU-37 and PWR 15 × 15 spent fuels are separately considered. e ADS consists of LBEspallation neutron target, subcritical fuel zone, and graphite reflector zone. While the considered ADS is fueled with the spent nuclear fuels extracted from each thermal reactor without the use of additional fuel, fission products extracted from same thermal reactor are also placed into transmutation zone in graphite reflector zone. e LLFP transmutation performance of the modified ADS is analyzed by considering three different spent fuels extracted from the thermal reactors. Spent fuels are extracted from CANDU-37 in case A, from PWR-15 × 15 in case B, and from CANDU-37 fueled with mixture of PWR 15 × 15 spent fuel and 46% O 2 in case C. e LBE target is bombard with protons of 1000 MeV. e proton beam power is assumed as 20 MW, which corresponds to 1.24828·10 17 protons per second. MCNPX 2.7 and CINDER 90 computer codes are used for the time-dependent burn calculations. e ADS is operated under subcritical mode until the value of k eff increases to 0.984, and the maximum operation times are obtained as 3400, 3270, and 5040 days according to the spent fuel cases of A, B, and C, respectively. e calculations bring out that in the modified ADS, LLFPs and MLFPs, which are extracted from thermal reactors, can be transformed to stable isotopes in significant amounts along with energy production.
Introduction
e CANDU reactors, firstly developed in Canada, are commercial thermal reactors that mainly use natural uranium as fuel.
eir cooler and moderator are highpressured liquid heavy water (D 2 O).
e CANDU reactors do not use control rods that regulate the neutron numbers in the reactor. Furthermore, these reactors can be refueled during full-power operation. Another commercial thermal reactor type is PWR that is fueled with the enriched uranium (3%-4%). ese reactors are cooled and moderated by high-pressure liquid light water (H 2 O). PWR and CANDU reactors are the most used reactor types in electricity generation. However, the spent fuels of these reactors contain abundant amounts of fertile fuel, which cannot be used for energy generation, and large amounts of hazardous radioactive nuclear waste. Most of the spent fuels of the nuclear power plants are fertile and fissile and they are still valuable, and can become reusable by rejuvenating in accelerator-driven systems (ADSs). Nuclear wastes also include highly radioactive long-lived fission products (LLFPs). erefore, the spent fuel management is one of the most crucial problems of nuclear energy industry. In order to solve these spent fuel problems, a new and innovative approach, instead of deep geological storages of nuclear waste and LLFPs, is presented where nuclear waste is transmuted into stable isotopes in ADSs.
Some fission products may have a short half-life, while others have half-lives of 100 years, 1000 years, or millions of years. If half-life of a radioactive isotope is beyond 30 years, these isotopes are called long-lived isotopes in terms of nuclear waste management. LLFPs can be transmuted into stable isotopes via neutron/proton interaction reactions in suitable nuclear reactors. Yapıcı andÖzışık [1] have analyzed the LLFP transmutation and fissile breeding in the Prometheus reactor. 99 Tc, 129 I, and 135 Cs isotopes are placed separately in the transmutation zone, and ceramic uranium mono carbons (U-C) are used as fuels in the fissile breeding zone. ey used the XSDRNPM/SCALE4.4a neutron transport code and the MCNP4B Monte Carlo code for neutronic calculations. ey achieve effective fissile breeding, LLFP transmutation, and energy production. Yapıcı et al. [2] have studied on transmutation of LLFP and minor actinide (MA) discharged from high burnup PWR-MOX spent fuel in fusion-driven transmuter. ey have investigated the effect of volume rate of MA and LLFPs on transmutation. ey have designed two different transmutation zones for MA and LLFP. e results show that the transmutation rate of LLFPs increased by the increase of the volume rates of the MA's, and 99 Tc has the highest transmutation rate. Yapıcı et al. [3] investigated timedependent transmutation of LLFP and MA high-level waste in fusion-driven transmuters. ey consider PWR mixed-oxide MOX spent fuel as high-level waste and design separate transmutation zones for MAs and LLFPs. As a result, they have significantly reduced the effective half-lives of the MA and LLFP nuclide. Igashira and Ohsaki [4] have worked to transmute various LLFPs into stable and short-lived isotopes in FBR (fast breeder reactor). ey investigate reactions (n, c) and (n, 2n) of LLFP using JENDL-3.2 and ENDF/B-VI codes. 0.25 neutrons per fission are required for isotopic separation of the LLFPs, while 6.8 neutrons are necessary for chemical separation. Liu et al. [5] have conducted a systematic study on the transmutation of LLFPs in PWR and have aimed to develop an optimal transmutation strategy for nuclear energy development.
ey examine transmutation of LLFP discharged from LWR. In the results, they see that 99 Tc and 129 I could be transformed in the present PWRs in the form of target pins. Setiawan and Kitamoto [6] have studied on the effective transmutation of LLFPs in LWR to BWR and PWR and they compare BWR and PWR. Iodine and technetium transmutation in the BWR is found to be more effective than in the PWR. e time required for transmutation of 30-40 percent of 99 Tc and 129 I is estimated to be 10-15 years and 30-40 years, respectively. Wakabayashi [7] worked on the transmutation of MA and LLFP in the fast reactor and achieved maximum fission product transmutation by using Duplex pellets in the target. e results show that LLFP and MA perfectly transmute in the fast reactor. Kora et al. [8] consider 4 different HTGR to convert LLFPs. eir aim is LLFP transmutation and storage, and they realize effective LLFP transmutation. Takiyabev et al. [9] investigate the LLFP transmutation at the fusion neutron source. e thermal flux of the fusion neutron source has been proven for the transmutation of the most difficult LLFPs of the blanket potential. ey have effectively transformed 93 Zr. e ADSs operated under subcritical mode are reactors that have high power production potential. In an ADS, the target is bombarded with high energetic protons, which in turn produces tens of neutrons. Sarer et al. [10] design a high-energy proton accelerator for 99 Tc, 129 I long-life fuel products, 237 Np and 241 Am minor actinides, and the conversion of 239 Pu. ey choose natural lead as target material and use 1 GeV of proton. ey use the MCNPX code in neutronic calculations. In the conclusion, they have seen that both used fuels are converted, and energy is obtained. As a result, they realized both the transmutation of spent fuel and energy production. Kawase et al. [11] have worked on the spallation reactions of 93 Zr, the long-life fission product, to provide simple data requirements for nuclear waste transmutation. In RIKEN Radioactive Isotope Beam Factory, inverse kinematics has been measured at 105 MeV/nucleon. Comparing the experimental studies with the PHITS calculations, they found that there were more products estimated in the intranuclear cascade and evaporation processes. As a result of the study, it has been found that spallation reactions can be a solution to stabilizing 93 Zr. Han et al. [12] investigate the transmutation of 126 Sn in the target of ADS. ey use the cylindrical liquid 126 Sn target and investigate spallation product accumulation and neutron production.
ey have calculated that 40 neutrons are produced per 1.5 GeV proton. ey have also seen that the effective half-life of 126 Sn is reduced. Yang et al. [13] conduct a systematic study to find the optimal solution for LLFP transmutation.
ey considered PWR core and sodiumcooled accelerator for 99 Tc and 129 I transmutation. Various targets and loading optimization have been done to achieve the optimum transmutation, and 99 Tc and 129 I were stabilized. Landeyro and Guidotti [14] investigate the transmutation of minor actinide and LLFP (only 99 Tc) in ADS to make radioactive waste safe. Two Monte Carlo calculation models have been developed to define critical safety conditions and the burning capacities of MA and Pu. e results show that LLFPs can be confidently transformed. Yapici et al. [15] investigate high-level waste transmutation (HWL) and potential of fissile production in various ADSs cooled with LBE. ey select 99 Tc, 129 I, and 135 Cs as high-level waste and use uranium carbide including high-level fissile fraction (10%-24%) as fuel. ey use MCNPX code in neutronic calculations. e results show that they obtain effective LLFP conversion performance, fissile breeding, and energy production in optimized ADS. e reviewed studies generally include the transmutations of MA and/or FPs. In this study, in a conceptual helium gas-cooled ADS with LBE target, the time-dependent transmutation analyses of FPs extracted from the CANDU-37 and PWR 15 × 15 spent fuels are investigated separately. ese spent fuels are taken from reference [16] . e ADS design in our previous study [17] is modified for the transmutation of LLFPs and MLFPs. Furthermore, difference of this study from [13] [14] [15] is that there is no extra fissile fuel input to whole system (ADS and thermal reactor). Particularly, only thorium fuel enters into the system from outside of the system. Furthermore, in this study, more number of FPs (eleven FPs) are transmuted with respect to 2
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Helium Gas Coolant Accelerator-Driven System
In this work, to transmute LLFPs and MLFPs extracted from the spent fuel of thermal reactors into stable isotopes, the helium gas coolant accelerator-driven system used in previous study [17] is modified. e LBE target is bombard with protons of 1000 MeV. e proton beam power is assumed as 20 MW, which corresponds to 1.24828 · 10 17 protons per second. As is apparent from Figures 1(a) and 1(b), as distinct from original ADS, which includes only fuel zone [17] , a transmutation zone including the LLFPs and MLFPs is embedded in the blanket of original ADS. is ensures that LLFPs and MLFPs can be effectively transmuted by means of neutrons from fuel zone. e modified ADS consists of four parts as follows:
When the target of an ADS is bombarded with high energetic protons, it is desired that as many neutrons as possible are released. In this study, leadbismuth eutectic (LBE, 44.5% lead and 55% bismuth), which is the most favored for ADS applications because of very good neutronic, chemical, and thermal properties, is used as the target material. e protons, whose energies are amplified in linear accelerator (LINAC), uniformly impact on the target material with a radius of 4 cm.
Subcritical Fuel Zone.
e fresh fuels of CANDU-37 and PWR 15 × 15 are natural and enriched UO 2 , which include 0.71% and 4.72% 235 U, respectively. e spent fuel rods extracted from these thermal reactors and containing uranium and transuranium isotopes are placed into this zone in a hexagonal arrangement. In this study, three different nuclear fuel compositions, which are taken from [16] , are considered as follows:
(i) Case A: the fuel is the CANDU-37 spent fuel, which is burned 180 days and then cooled 720 days. Its total mass is 10.165 tHM. (ii) Case B: the fuel is the PWR 15 × 15 spent fuel, which is burned 900 days and then cooled 720 days. Its total mass is 9.151 tHM. (iii) Case C: the fuel is the CANDU-37 spent fuel, which is burned 180 days and then cooled 720 days. However, in this case, different from Case A, the CANDU-37 fuel is the mixture of 46% O 2 with 900 days burned and 720 days cooled 54% PWR 15 × 15 spent fuel. Its total mass is 8.748 tHM.
Volume fractions (VFs) of the fuel, fuel clad, and coolant (helium gas) are 60%, 8.5%, and 31.5%, respectively.
Transmutation Zone.
In each fuel case mentioned above, some important LLFPs (half-life are more than 200,000 years) and MLFPs (half-life are shorter than 100 years) extracted from the spent fuel are placed into cylindrical rods made of zircaloy. e rods are placed into TZ in a hexagonal arrangement to transmute these fission products. VFs of fission products, rod clad, and graphite container are 60%, 8.5%, and 31.5%, respectively.
Graphite Reflector Zone.
is zone, made of graphite, serves reflecting and returning of neutrons escaping SCTZ to increase transmutation reactions. In graphite-neutron interaction, the ratio of scatter cross section to absorption cross section is much higher than 1. Furthermore, graphite has a high-temperature-resistant property. erefore, it is an attractive material for nuclear applications as neutron reflector and moderator material.
Time-Dependent Numerical Analyses
3.1. Calculation Method. Numerical analyses are performed by using the MCNPX 2.7 computer code [18] along with Los Alamos 150 MeV transport library (LA150) developed for computational simulations of ADSs by Chadwick et al [19] . Monte Carlo N-Particle Transport Code (MCNP), which can simulate nuclear processes in three dimensions, is written by Los Alamos National Laboratory.
is library includes nuclear reaction cross sections and emission spectra up to 150 MeV for incident neutrons/protons for over 40 isotopes. Bertini INC model is used for the simulation of intranuclear cascade of spallation reactions. Furthermore, the CINDER 90 computer code [20] integrated with MCNPX 2.7 is used for the time-dependent burnup/depletion calculations. e outputs of MCNPX 2.7 and CINDER 90 computer codes are postprocessed with XBURN [21] and CBURN [22] interface computer codes, respectively. Figure 3 shows the increase in CFFE for all spent fuel cases during the operation times. CFFE increases during the operation times, and at the end of cycles, its grades reach to 8.35%, 10.83, and 9.6% for the spent fuel cases of A, B, and C, respectively. ese values bring out that the nuclear fuels have quite high quality in terms of fuel enrichment and that they can be reused in nuclear reactors that use enriched fuel at high ratios. e value of k eff rises due to the increase of CFFE.
General Neutronic Data

Energy Gain.
e energy gain (G) is one of the most important parameters in ADSs and it is proportional to total fission reactions occurring in the subcritical core of ADS. So, G can be defined as the ratio of the total fission energy to proton energy (E p ) and is calculated as follows:
where R f is the number of total fission reactions and E f is the energy per fission (200 MeV). Figure 4 depicts the increase in G for all spent fuel cases during the operation times. Although the values of G are lower than 1 in the first few months, later these values rapidly increase up to 11.99, 8.11, and 7.98 in the spent fuel cases of A, B, and C, respectively. e results show that the values of G are quite high in terms of energy production.
is means that the considered ADS generates a significant amount of energy, as well as the transmutation of LLFPs. In this study, in terms of energy, only energy gain is analyzed. e electrical efficiency of ADS can be calculated by means of ref. [23] .
Fuel Burnup. Fuel burnup (BU)
, which is another important parameter in ADSs, is defined as the total generated energy per unit metric fuel mass initially loaded. Unit of BU is generally expressed as GWd/MTU. Its increase depending on operation time (t) can be calculated as follows:
is equation shows that BU is also directly proportional to the operation time. Figure 5 exhibits the increases in BU for all spent fuel cases during the operation times. e values of BU increase up to 54.792, 41.614, and 65.579GWd/MTU in the spent fuel cases of A, B, and C at the end of operation times, respectively. CANDU and PWR fuel rods have high burnup capability (up to 500 GWd/MTU) (see refs. [16, 24, 25] ).
Safeguard Aspects of 239 Pu.
e variations of 239 Pu are plotted depending on the operation times in Figure 6 for all spent fuel cases. As can be seen from this figure, the maximum 239 Pu percentage is about 93%, and this means that 239 Pu percentages are at the acceptable levels of international safeguarding in all spent fuel cases. 238 U fraction in CANDU spent fuel (case of A) is higher than in PWR spent fuels (cases of B and C). erefore, in the case of A, Pu-239 percentage increases first (to around 500 days) and then decreases due to spent Pu-239.
Transmutation of Fission Products.
e transmutation fraction (TF) of a nuclide is the ratio of net transmuted atomic density during the operation time to its atomic density (N) at the beginning of cycle (BOC) and can be calculated as follows: 
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Atomic densities (N) of isotopes used in the modified ADS are given in Table 1 at the BOC and at the EOC for all spent fuel cases. Furthermore, atomic densities of fission products are given in Tables 2-4 at BOC and EOC for the spent fuel cases of A, B and C, respectively. TFs are also shown in the tables. As is apparent from the tables, among LLFPs, the best transmutation occurs in 147 Sm isotope followed by 99 Tc and 129 I. Its TFs in cases B and C are 54.83% and 81.19%, respectively. Among MLFPs, the best transmutation occurs in 147 Pm isotope followed by 125 Sb and 151 Sm. TFs of 147 Pm in cases A, B, and C are 99.82%, 99.38%, and 99.99%, respectively. As expected, MLFPs are more rapidly transmuted with respect to LLFPs because their halflives are quite shorter than those of LLFPs.
In addition to Tables 2-4, the transmutations of LLFPs and MLFPs during the operation times as mass are plotted in Figures 7 and 8 for all spent fuel cases, respectively. As is apparent from these figures, in the spent fuel cases of A and C, the transmutation profiles decline near to each other. e masses of LLFPs, except 147 Sm, decrease gradually and linearly. Although the mass of 147 Sm increases slightly in the first few years, later it rapidly decreases. As for the masses of MLFPs, while the masses of 125 Sb, 147 Pm, and 151 Sm decrease exponentially, the masses of 90 Sr and 137 Cs decrease gradually and linearly.
e numerical results bring out that at the EOC, in the spent fuel case of A, per tHM fuel initially loaded, a total of 0.089 and 0.130 kg of the LLFP and MLFP masses are ese transmutation values are 0.669 and 0.451 kg in the spent fuel case of B, and are 0.179 and 0.100 kg in the spent fuel case of C.
Tritium ( 3 H) is not analyzed due to the fact that the calculations bring out that production of (H-3) is very smaller than other FPs (3.22089E − 01 gram at the end of EOC in the PWR spent fuel case).
Furthermore, FPs occurring in the subcritical fuel zone during the operation times are analyzed as well as the transmutation of FPs extracted from the thermal reactors. Production of FPs in the subcritical fuel zone at the end of operation times is given in Table 5 for all spent fuel cases. As is apparent from this table and Figures 7 and 8 , masses of FPs occurring in the subcritical fuel zone are quite less than the amount of transmuted FPs in TZ. is means that FPs can be effectively transmuted in all spent fuel cases.
Conclusions
e numerical results obtained from the neutronic analyses of the ADS modified for the transmutations of LLFPs and MLFPs extracted from the CANDU and PWR spent fuels are outlined below briefly: e modified ADS can be operated safely in the subcritical mode (k eff ≤ 0.984) for 3400, 3270, and 5040 days according to the spent fuel cases of A, B, and C, respectively e grades of CFFEs reach quite high at the end of operation times.
is means that the nuclear fuels obtained from the modified ADS can be reused in nuclear reactors that use enriched fuel at high ratios e values of G are in the range of 7.98 and 11.99, and these values are quite high in terms of energy production 239 Pu percentages (<93%) are at the acceptable levels of international safeguarding in all spent fuel cases e transmutation in most of the considered FPs (especially 99 Tc, 129 I, 147 Sm, 147 Pm, 125 Sb, and 151 Sm) can be effectively realized Consequently, the considered ADS generates a significant amount of energy along with the transmutations of LLFPs and MLFPs.
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